Colonization by and diversity of arbuscular mycorrhizal (AM) fungi associated with five common ephemerals, Eremopyrum orientale (L.) Jaub. et Spach., Gagea sacculifera Regel., Plantago minuta Pall., Tragopogon kasahstanicus S. Nikit., and Trigonella arcuata C. A. Mey. were investigated in four typical desert plant communities in Junggar Basin, northwest China. All five ephemerals examined were found to be colonized and formed typical arbuscules or vesicles. The proportion of root length colonized ranged from 2 to 85% with an average of 19%. Spore density in soil near the roots of different ephemerals varied from 1 to 120 spores per 20 ml soil, with an average value of 33 spores. Species richness averaged 8.8 AM fungal species in soil near the roots and ranged from 2 to 21. Fifty-four AM fungal taxa belonging to the genera Acaulospora, Archaeospora, Entrophospora, Glomus and Paraglomus were isolated and identified from soil around the roots. Glomus was the dominant AM fungal genus with a frequency of 100% and relative abundance of 82.6%. The AM fungal species with the highest frequency of occurrence was Glomus aggregatum with a frequency of 75%. G. microaggregatum was present in the highest relative abundance (16%). G. sacculifera, P. minuta and T. arcuata formed Arum-type mycorrhizas. Arbuscular mycorrhizal fungi are ubiquitous and Arum-type mycorrhizas are especially prevalent in these important desert communities used for grazing and traditional medicine. #
Introduction
Arbuscular mycorrhizal fungi establish broadly distributed potentially symbiotic associations with the majority (80%) of higher plants (Smith and Read, 1997) . The fungi are obligate biotrophs whose growth and hyphal development depend on mutualistic association with host plant roots. AM fungi can promote plant establishment by increasing resistance to environmental stresses, enhancing plant nutrient acquisition and improving soil quality (Schreiner et al., 1997; Jeffries and Barea, 2001) . Because of the key ecological functions performed by AM associations , loss or diminution of mycorrhizal potential in degraded areas may limit the successful re-establishment of native plants (van der Heijden et al., 1998; Requena et al., 2001) . van der www.elsevier.com/locate/apsoil Applied Soil Ecology 35 (2007) [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Heijden et al. (1998) showed that belowground diversity of arbuscular mycorrhizal fungi (AMF) may be a major factor contributing to the maintenance of plant biodiversity and to ecosystem functioning.
Ephemeral plants are specially adapted to desert conditions. They remain dormant until a rare rainfall event occurs when they break dormancy and resume rapid growth so that flowering occurs before arid conditions are re-established. Ephemerals usually have a very short epigeous phase with a mean duration of 75.8 days (Wang, 1993) , a maximum of 70-90 days and a minimum of only 40-60 days (Zhang, 1985; Mao and Zhang, 1994) . Belowground shoot development or seed germination occurs before or at snowmelt and leaf senescence coincides with the onset of the dry season (Mao and Zhang, 1994) . Ephemerals are present in arid or semi-arid areas in Junggar Basin in northwest China, and in western and central Asia, the Mediterranean and northern Africa (Mao and Zhang, 1994) . Several studies have shown that ephemerals can form arbuscular mycorrhiza. For example, the proportions of root length colonized by AM fungi on the ephemerals Hyacinthoides non-scripta and Erythronium americanum were up to 65 and 75% in sugar maple forests (DeMars, 1996) . Brundrett and Kendrick (1988) found that the ephemerals E. americanum and Allium tricoccum can form AM associations, with root colonization rates of 86 and 83%, respectively. However, these studies were concerned with deciduous forest and there is little information available on the mycorrhizal status of ephemerals in desert ecosystems.
Ephemerals in China are distributed mainly in north Xinjiang, with the eastern edge of Junggar Basin as the easternmost limit (Mao and Zhang, 1994) . In Junggar Basin ephemerals emerge in March and resume dormancy between May and June. Ephemeral plants form significant plant synusiae in arid desert ecosystems with typical characteristics of early germination and rapid development during the vegetative growth stage. Ephemerals play a very important role in the stabilization of dunes (Wang et al., 2003) and can decrease the frequency of occurrence and intensity of sandstorms. They are pioneer species during the rehabilitation of deserts following disturbance and are also very a valuable resource for grazing and traditional medicine in early spring. As far as we aware, there have been no published reports on the mycorrhizal status of desert ephemerals. We hypothesise that they might derive some benefit from AM association during their lifecycle, and in the present study we have conducted a preliminary survey of AM fungi associated with ephemerals in four typical desert plant communities of Junggar Basin, Xinjiang Autonomous Region, northwest China.
Materials and methods

Study sites
Junggar Basin lies at latitude 34809 0 -49808 0 N and longitude 73825 0 -96824 0 E and forms a scalene triangle between the Altair and Tianshan mountains, extending 1100 km in length from east to west and up to 800 km at the broadest part. It covers an area of more than 300,000 km 2 in northern Xinjiang Uygur Autonomous Region. The Gurbantunggut Desert, with an area of 48,800 km 2 is the second largest desert and the largest fixed or semi-fixed desert in China, and is located in the hinterland of Junggar Basin. Remote from the oceans and surrounded by high mountains, the area has a typical continental climate marked primarily by low precipitation, low specific humidity, long winters and short springs and autumns, high solar radiation and a wide temperature range. The region receives an average annual precipitation of 200 mm and has a free surface evaporation of 1400-1700 mm. The annual average temperature ranges from À4 to 9 8C with mean values of À20 to À15 8C and 22-26 8C in January and July, respectively. The frost-free period is about 150 days. Ephemerals are the dominant plants in springtime because they can take the advantage of water resources and temperature conditions in spring to complete their life cycle in about 2 months. In April, May and June, the mean cover of ephemerals reaches 13.9, 40.2 and 14.1%, respectively, with a mean plant height of 10-20 cm. Four typical desert plant communities were selected for the present study (Table 1) .
Annuals with long lifecycles and perennial plants began to sprout during the period of senescence of the ephemerals during the last 10 days of May and the first 10 days of June (Table 1) . Artemisia taxa were the dominant plant species in the Artemisia community. Associated plants included Nanophyton crinaceum, Ceratoides sp., Geranum transversale, Iris songorica and Ixiolirion tataricum. N. crinaceum also occurred in the undershrub community, together with members of the Polygonaceae and Chenopodiaceae and other ephemerals such as Tulipa iliensis and Tulipa schrenkii. Tamarix sp. and Chenopodiaceae were observed in the Tamarix community and in the Haloxylon community, and Haloxylon persicum and Ephedra distachya were dominant species at the top and the base of the dunes, respectively.
Collection of soil and root samples
Five ephemeral species were studied in Artemisia desert, undershrub desert, Tamarix desert and Haloxylon desert plant communities (Table 2 ). Soil samples were collected around the roots of five individuals of the same plant species randomly selected at each site. Care was taken during collection of individual plants that roots could be clearly identified as belonging to a particular plant. To ensure that the roots were connected to the study plants, root samples of ephemerals were removed while still connected to the plants. Samples were taken to the laboratory for determination of root colonization. Soil samples (ca. 1000 g) associated with the plants removed were collected. The soil samples comprised rhizosphere soil together with soil further from the root surfaces but still likely to have been influenced by the plant roots to some degree. Soil samples were air-dried prior to extraction, counting and identification of spores.
Assessment of AM colonization
Fresh roots (ca. 0.2 g) were washed free of soil and cleared in 10% (w/v) KOH at 90 8C in a water bath for 20-30 min. The cooled root samples were washed and cut into 0.5-1.0-cm-long segments and stained with 0.5% (w/v) acid fuchsin (Biermann and Linderman, 1981) . Fifty root fragments from each sample (ca. 1 cm All dates given as month.day. ES, early spring; LF, late autumn; NO, not well observed; N, none; NP, no well-defined period.
long) were mounted on slides in a polyvinyl alcohol solution (Koske and Tessier, 1983 ) and examined at 100-400Â magnification under an Olympus BX50 microscope with an automatic photomicrographic system for the presence of AM fungal structures. The percentage of root length colonized by AM fungal structures was estimated.
Recovery and counts of AM fungal spores
Spores or sporocarps were extracted from 20 g airdried sub-samples of each soil sample in triplicate by wet sieving followed by flotation-centrifugation in 50% sucrose (Dalpé, 1993) . The finest sieve used was 53 mm. The spores were collected on a grid patterned (4 mm Â 4 mm) filter paper, washed three times with distilled water to spread them evenly over the entire grid and counted using a dissecting microscope at 30Â magnification. A sporocarp was counted as one spore. The number of spores is expressed using the mean of three replicates. For observation and identification of spore characters, spores were mounted on glass slides in polyvinyl lactoglycerol (PVLG) and PVLG + Melzer's reagent and then identified to species using current taxonomic criteria (Morton and Redecker, 2001 ) and information published by INVAM on the Internet (http://invam.caf.wvu.edu).
Numbers and distribution of AM fungal spores
Species richness, spore density, frequency, and relative abundance of AM fungi were expressed as follows: spore density (SD) = number of AM fungal spores in 20 ml soil; species richness (SR) = number of AM fungal taxa found in 20 ml soil; relative abundance (RA) = (number of spores of a species or genus/total spores) Â 100%; frequency (F) = (number of samples in which the species or genus was observed/total samples) Â 100%. Species diversity was assessed by the Shannon-Weiner index as follows:
where Pi = ni/N and ni = number of individuals in species I; N is the total number of individuals in all species.
Statistical analysis
The data on the percentage of root length colonized by arbuscular mycorrhiza were normalized by arcsine transformation prior to statistical analysis, and spore density counts and estimates of species richness were subjected to square root transformation. Other data were analyzed without transformation. The root colonization, spore density and AM fungal diversity index results are shown as arithmetic mean values with standard errors. The data were subjected to one-way of analysis of variance and means were compared by least significant difference (LSD) at the 5% level. The effects of different desert plant communities and host ephemerals, and their interactions with proportion (%) of root length colonized and spore density of AM fungi were examined by two-way analysis of variance. AM fungal species richness in soils around the roots of different ephemerals in different desert communities was examined using the x 2 -test. The statistical tests were applied using SPSS software package version 11.0 developed by SPSS Inc., Chicago, IL 60606, USA.
Results
AM development status
Typical AM fungal structures were observed in roots of the five dominant ephemeral plants Eremopyrum orientale, Gagea sacculifera, Plantago minuta, Trigonella arcuata and Tragopogon kasahstanicus from the four desert plant communities (Fig. 1) . Non-septate hyphae, vesicles and Arum-type arbuscules were observed synchronously in roots of G. sacculifera, P. minuta and T. arcuata ( Fig. 1 -1, 2, 3 ; 10, 11, 13; 12, 14) . Furthermore, appressoria were observed in roots of T. arcuata (Fig. 1 1-15 ). Non-septate hyphae and vesicles were present in roots of E. orientale and T. kasahstanicus ( Fig. 1 -4 , 5, 6, 7, 8, 9) .
All five ephemerals were colonized by AM fungi but the degree of colonization varied among plant species and communities (Table 3 ). The percentage of root length colonized varied from 2 to 85% with an average of 19%. The degree of colonization was highest in P. minuta in Tamarix desert (up to 61%) and lowest in E. orientale in undershrub desert and T. kasahstanicus in Artemisia desert (6%). Degree of colonization changed with variation in phenology of the host plants. The highest colonization of P. minuta occurred during the period of flowering. In T. arcuata, the degree of colonization varied among plant communities. Degree of colonization decreased with changes in phenology in Artemisia and Haloxylon communities. In contrast, colonization increased with change in phenology in the undershrub and Tamarix communities. Overall, the highest degree of colonization of E. orientale occurred during flowering but there were slight differences in the Haloxylon community. The degree of colonization of G. sacculifera decreased with plant development in all four plant communities. Colonization of T. kasahstanicus was enhanced with growth and development in the Artemisia and undershrub communities. In contrast, there was a declining trend in the Tamarix and Haloxylon communities.
Genera and species of AM fungi
A total of 54 taxa representing five genera of AM fungi were isolated and identified (Table 4) . Of these, twelve species belonged to Acaulospora, 39 to Glomus, and 1 each to Archaeospora, Entrophospora and Paraglomus. 
Spore density of AM fungi
The spore densities in soil associated with the five ephemerals ranged from 1 to 120 per 20 g soil, with an average of 33 AE 2.8. Significant differences were observed among soils collected from the different plant communities. Spore densities of AM fungi in soil associated with roots of T. kasahstanicus in the Artemisia community were highest (55 AE 11.8) and the lowest (4 AE 1.7) spore densities were observed in the soil near the roots of P. minuta in the Haloxylon community (Table 5 ). Spore densities in the soils from Artemisia and undershrub communities were higher than in Tamarix and Haloxylon communities. No correlation was found between phenology and spore density.
Species richness of AM fungi
The species richness of AM fungi ranged from 2 to 21 with an average value of 8.8 (Table 6 ). Among the four communities, species richness of AM fungi in the Artemisia (12.0) and undershrub (9.4) communities was higher than in the Tamarix (6.4) and Haloxylon (7.4) communities. The highest species richness was observed in T. kasahstanicus, with a mean value of 12, while the lowest appeared in T. arcuata, with a mean value of 5.8. 
Relative abundance and frequency of AM fungi
Frequencies and relative abundances of the genera and some dominant species of AM fungi are presented in Table 7 . Spores of the genus Glomus were the most numerous in both frequency and relative abundance. Fungi belonging to the genus Glomus were isolated from all samples. The most frequent (75%) and most abundant species (16.3%) were Glomus aggregatum and G. microaggregatum. 
Species diversity of AM fungi in different communities
The AM fungal diversity differed in the different plant communities (Fig. 2) . The highest species diversity, up to 2.86, was present in the undershrub community, and the species diversity was lowest (2.16) in the Haloxylon community. and Zhang (1994) found that 68 ephemeral plant species accounted for 35% of the total species richness in Gurbantunggut desert. Ephemeral plants form significant synusiae from late March to mid June, the period with the strongest winds in the Junggar Basin. In the Haloxylon community, the productivity of The data were square root-transformed by prior to statistical analysis. By ANOVA, community type: F value 10.48 * ; host plant species: F value 0.60ns; community type Â host plant species: F value 1.31 ns ( * P < 0.05; ns, not significant). a Mean values followed by the same letter are not significant by LSD at the 5% level. ephemerals reached 58% of total plant productivity. The unique temporal and spatial distribution patterns of ephemerals have significance for dune surface stabilization and environmental stability. The period from April to June is the time of the strongest aeolian sand activity in the desert regions of north Xinjiang and corresponds with an ephemeral cover of >14%, while the total cover of trees, shrubs and herbs during the long vegetative period is <10%. Hence the ephemerals are the major contributors to the surface stabilization of the dunes (Wang et al., 2003) . The habitats of ephemerals are extremely adverse with low nutrient content of the substrate (quicksand), scarcity of water input (annual precipitation of 100-120 mm) and low water content (2-5%) in the top 30 cm of the sand beds (Ji et al., 1995; Pan and Huang, 1995) . It can be concluded that ephemerals must have unique adaptive mechanisms to the adverse environmental conditions, but there have been few reports of these mechanisms. Arbuscular mycorrhizal colonization changes with seasonal variation and host plant phenology (He et al., 2002; Bohrer et al., 2004) . The highest degree of colonization of the annual ephemerals (P. minuta, T. arcuata and E. orientale) occurred during the flowering period and one possible explanation is the increasing requirement for nutrients and water at this stage of growth.
Discussion
Mao
In a literature review, summarized the types of arbuscular mycorrhiza occurring in different plant taxa, mainly at the family level. They proposed that the different AM structures have specialized roles in the transfer of inorganic nutrients and carbon between the fungal and plant partners, depending on the physiology of the symbiosis between different fungus and plant interfaces. In our investigation, P. minuta (Plantaginaceae), G. sacculifera (Liliaceae) and T. arcuat (Fabaceae) were observed to form Arum-type arbuscules. showed that the majority of plant species in the Liliaceae formed Arum-type arbuscules. This is the first report of this type of arbuscule in the three ephemeral species. No arbuscules were found in the roots of T. kasahstanicus or E. orientale, which had non-septate hyphae and vesicles. Studies have indicated that arbuscules are usually relatively short-lived, with a life span of about one to 2 weeks (Scannerini and Bonfante-Fasolo, 1983; Bonfante-Fasolo, 1984) .
AM fungal spore densities tend to be low in arid soils, and zero counts are common (McGee, 1989; Cui and Nobel, 1992; Requena et al., 1996; Siguenza et al., 1996; Carrillo-Garcia et al., 1999) . Titus et al. (2002) showed that AM fungal spore densities were generally low (0-0.2 spores g À1 soil) in the Mojave Desert ecosystem except for Lycium soils which averaged 1.8 spores g À1 soil.
Our mean values of spore density were high compared to the 50-70 spores per 100 g À1 soil found in the Mojave Desert (Titus et al., 2002) , but most of our data (three out of five samples including P. minuta, G. sacculifera and T. kasahstanicus) from the Haloxylon community ( 10 spores/20 ml soil) in the Gurbantunggut Desert were consistent with the results of Titus et al. (2002) .
Identification of AM fungi has traditionally relied on the morphological and developmental characteristics of their large multinucleate spores (Morton and Benny, 1990) . In the present study the predominant AM fungi were isolated and identified according to the morphological characteristics of the AM fungal spores. However, we do not know whether all the AM fungi isolated from the soils associated with the roots colonized the ephemerals because other long lifecycle plants occurred in the plant communities. Furthermore, AM fungal diversity differed among the different plant communities. To circumvent this problem, molecular approaches are necessary to define and relate taxa in the Glomeromycota (Redecker et al., 2000; Schüßler et al., 2001; Prosser, 2002) .
In the desert ecosystem AM fungi belonging to the genus Glomus were dominant, a result in agreement with previous studies (Lamont, 1982; Tarafdar and Rao, 1990; Pande and Tarafdar, 2004) . The predominance of Glomus species in arid conditions may be due to the fact they are the most common AM fungi isolated throughout the world. They may be particularly adaptable to arid conditions because Al-Raddad (1993) reported that the genus Glomus was dominant in arid climates due to its resistance to high soil temperatures. In the present study, G. aggregatum was the most frequent species and G. microaggregatum was the most abundant species. These two species of AM fungi are small in size. Similar results indicating a tendency in species composition towards mostly smallspored fungi belonging to the genus Glomus have previously been reported in arid ecosystems (Jacobson, 1997; Stutz et al., 2000) . These species may be more adaptable in adjusting patterns of sporulation to environmental stress conditions (Jacobson, 1997) . Thus, G. aggregatum and G. microaggregatum may be more adaptable than other AM fungal species under arid conditions.
The AM fungal lifecycle from germination of spores to colonization to host plants, to sporulation is usually about 100-120 days (Smith and Read, 1997) . It is well known that ephemerals have short lifecycles, for example 45 days in the case of Gagea sacculifera. We still do not fully understand the significance of the mycorrhizal association to ephemeral plants or how AM fungi can complete their lifecycle after the senescence of the ephemeral host plants. These topics merit further research.
The results of the present study indicate that AM are a common and important component of desert ecosystems and small-spored AM fungi may be better adapted to these ecosystems. This suggests that AM may play an important role in the development and maintenance of desert ephemeral communities. AM therefore cannot be ignored in the management of these communities which are important for grazing and for the supply of materials used in traditional medicines.
